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 Abstract: The magnetization current that is caused by the gradient of the kinetic 
pressure in the transition layer between the magnetotail  lobe and the magnetopause is 
estimated for the two regions, the first is the region within 10 Re of  Xsm (X axis of the 
solar magnetospheric coordinate system) and the range between  Xs.--10  Re and 
—20  Re. For the first region the analyses have been made based on the published data 
of Heos 2 observation around the lobe; the analyses have been made using a model 
that consists of the plasma parameters interpolated using the previously observed 
data for the second case. The result indicates that the contribution of the magnetic 
field due to the magnetization current to the total magnetic field is about 12% for the 
case of polar cap region while there remarkable large values of the contribution rate rang-
ing from 65% to 87% in the second region. It is confirmed that the magnetization 
current is generated in the transition region where the confinement state of the hot 
plasma is satisfied.
1. Introduction 
   It has long been assumed that the geomagnetic tail has a sharp boundary and the 
cross-section must have the form known as the theta model because the cross section 
of the current surrounding the magnetosphere forms a shape like the Greek letter 
theta (Desseler and Juday, 1965; Axford et al., 1965). In connection with this model, 
a surface current of the magnetospheric tail was estimated first by Siscoe (1966), to be 
made of two long solenoidal magnetic fields that consist of the northern half and the 
southern half of the magnetotail. Bird and Beard (1972) calculated the sources of the 
electrical currents and magnetic fields in the magnetotail that are sustained entirely 
by the solar wind drifting into the magnetotail region through the magnetopause that 
is associated with the magnetic field characterized by the gradient and curvature. 
Their consideration is, however, limited to a far distant region than  X,„,=-10 Re includ-
ing the lunar distance. The role of the plasma distributing inside the magnetopause 
was not taken into consideration. 
   Recently, many satellite observations have revealed the presence of the hot plasma 
distributing around the tail lobe (Meng and Anderson, 1970,  1975  ; Rosenbaur et al., 
1975; Paschmann et al., 1978). In the hot plasma, a decrease of the magnetic field 
toward outside of the lobe is caused by the diamagnetic current effect in the hot plasma. 
It is, therefore important to study the contribution of these plasma distributions to the 
surface current of the magnetotail. In this paper the magnetization current around
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the tail lobe is calculated directly using the published satellite data in a region closer 
than  X,=-10 Re. The estimated region for the effect of the magnetizing current is 
also expanded to the range from  X,—  —10  Re to  —20 Re. 
   There are  three contributions of the current generation in a region surrounding 
the magnetopause under static condition,  i.e.; i) the effect of the graident B drift 
motion, ii) curvature drift motion and iii) pressure gradient drift motion. In the present 
paper, the quantity of the contribution of the current due to the pressure gradient drift 
motion, that is called the magnetization current, to the total current surrounding the 
magnetopause is calculated based on the data mainly obtained by  Heos 2 satellite 
(Rosenbauer et al., 1975). The calculation of the magnetization current is made under 
the condition of the total pressure balance in the magnetotail surrounding the tail lobes. 
The computed current values are converted into magnitude of the magnetic field and 
compared with the total magnitude of the magnetic field of the tail lobes. Next, we 
consider two cross sections of the magnetotail at  Xs„,,----10 Re and — 20 Re and make 
reasonable distribution models such as the lobe magnetic field, plasma density and 
temperature in the transition layer according to the many satellite observational data. 
Using these reasonable distribution models we calculate the magnetization currents and 
convert these values into the magnetic field values, which are also compared with the 
magnetic fields of the tail lobe at the distance from the Earth. The results provide us 
the significance of the contribution of the magnetization current in the distant region 
rather than the close region to the Earth.
2. A review on the magnetization current effect 
   The expressions of the total tail current under static conditions are given by Bird 
and Beard, (1972). In general, a plasma in a magnetic field B will give rise to three 
different sources of electrical currents that has important role in the geomagnetic tail. 
The first is the current  jG due to the magnetic gradient drift, i.e., 
 BXVB   i
G  B3(1) 
where  Pi is the perpendicular pressure of the charged particle with respect to the 
magnetic field. 
The second is the current  jR due to curvature of the lines of force 
 Bx  (B  •  V)  B            j
R= P I iB4 (2) 
where  P„ is the parallel pressure of the charged particles with respect to the magnetic 
field. 
The third is the current  jm due to the magnetization of the plasma; i.e., 
                              B                     jm =X (PB 2 )
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The total current  Ji is then given by 
                  B2B4Pi—                     B X VPL+PH Bx[(13•V) ,13](4) 
For an isotropic pitch angle distribution the second term on the right is zero. In 
many interesting case, such as a straight magnetic cylinder, the second term on the right 
is also zero. In the high latitude lobe, plasma pressure is much lower than the magnetic 
pressure and the lobe pressure can be represented by the magnetic pressure. That is, 
the tail lobe plasma contains the more tenuous and colder than those in the plasma 
sheet (PS) and the plasma mantle (PM) (e.g., Akasofu et al.,  1973; Mizera and Fennell, 
1978). The sense of VP is therefore, pointed outward from the lobe surface (see 
Figure 1). So the magnetization current (the  first right-hand term of Eq.  (4)  ) flows 
anticlockwise around the upper lobe boundary. From the equation of the state, 
we have  VP,---kTVn for the case of the isothermal compression; the effective 
magnetization current around the lobe is therefore, given by 
 kTBXPn                                        ( 
      B2(5) 
We have checked the effect of this magnetization current at the magnetotail with the 
distance relatively close to the Earth; ie., in a range from Re to –8  Re using the 
that have been published by Heos 2 in 1975.
Rt.1s-24,2 R
Fig. 1. Unperturbed pressure balance in a 
cross-section of the magnetotail. The 
plasma density increases with a radial 
distance from a lobe surface. Here PS, 
PM, and MP stand for the plasma sheet, 
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3. Check of the confinement condition 
   The magnetic field lines emanating from the Earth's polar caps extend into the 
magnetospheric tail lobes, where the plasma density and temperature indicate low 
values. The plasma mantle located inside the magnetopause is bounded by the upper 
region of the tail lobe and its thickness varies from Re to over 4 Re as shown 
in Figure 2 (Rosenbauer et  al., 1975). The lower limit of the tail lobe is made by 
the plasma sheet. It should also be noted that in the plasma mantle there are the layer 
(1 to 2 Re) of energetic electrons with energy range (>40  KeV) as has been discovered 
by Meng and Anderson (1970, 1975).
Fig.
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2. Noon-midnight cross section of the magnetospheric plasma distribution (after 
Rosenbauer  et al.,  1975).
   One of particle and field data of the Heos 2 satellite is shown in Figure 3. The 
proton parameters such as the density, temperature and bulk velocity and  10-min 
averages of the magnetic field data at satellite position, are indicated for the satellite 
outbound pass traversing the polar cap region, the plasma mantle (PM) and entering 
the magnetosheath (MS) at the right end of the graph. As the satellite position moves 
from left side (lobe) to right (plasma mantle) in Figure 3, the proton number density 
increases rapidly, while the absolute value of the magnetic field decreases monotonusly. 
   We examine, here Heos 2 data on orbits 20, 21, and 25 for the estimation of the 
total pressure balance with respect to the plasma pressure P  (=nkT) and the magnetic 
pressure  B2/2,uo, including the dynamic pressure due to the bulk motion of the protons. 
In addition to Figure 3, the used data of orbits 20 and 21 are also shown in Figures 4a 
and 4b, where the transition layer and the plasma mantle are connected continuously. 
The sum of the plasma pressure  (Pe=21Vo*kTi,*) and the magnetic pressure  (Pm  =B2/2,u0), 
and the dynamic pressure  (Pk—Np*mi,V  p*212) are calculted for each case at each fixed 
distance as have been ploted in Figures 5a, 5b and  5c. The orbits of the satellite for 
these cases are approximately perpendicular to the lobe magnetic field (see Figure 1 of
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Rosenbauer et al. 1975) for the outband case. Each result indicates that there is 
a portion where  P2+B2/2/20=const. is satisfied for the cirtain range in the plasma 
mantle. This relationship is understood as the confienement condition of the plasma 
by the magnetic field taking static balance between the kinetic pressure and the magnetic 
pressure. The feature of the fufilment of the confiement condition for these cases 
are carried out by decrease of the magnetic field with increasing the plasma pressure 
as has been illustrated schematically in Figure 6 where a dashed line has been drawn for 
the curve representing the variations of plasma pressure P with z and a solid line for 
the curve representing the variations of the magnetic pressure  B2/24uo. Here z-axis is 
set perpendicular to the surface of the tail lobe and  8 is the thickness of a transition 
layer (TL) between the tail lobe and the magnetopause (PM) or the plasma sheet (PS). 
The typical thickness of the transition layer can be defined as a distance between the 
lobe boundary that is defined by the layer where the plasma density is 0.01  cm-3 (see
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3. Heos 2 data (orbit 25) published by Rosenbauer et al. (1975). The figure shows as 
functions of satellite position the proton density  Np*, temperature  Tp*, magnetic field 
magnitude B and so on. Approximate distribution curves of the variable quantities are 
indicated.
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Figs. 3, 4a and 4b) and the end of the boundary of the plasma mantle. Considering 
the observation paths (see Figs. 5a, 5b and  5c) we estimate the thickness of the transi-
tion layer 1.1 x  104 Km with the estimated graident of the plasma density, i.e. 
0.9  m-4. 
   When the magnetic field and the plasma pressure are interrelated by the confine-
ment condition the magnetization current always exists. The certain magnitude of the 
diamagnetic effect can be expressed by the ratio of the plasma pressure and the magnetic 
pressure, i.e.,  /9 that is given by
 /9=
 E  nikT
 B2122 (6)
If  /9<1 holds everywhere, the magnetization of the plasma is 
contrary,  #>1, the magnetization of the plasma can be also
negligible. 
neglected,
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distribution of the velocities is isotropic. Since isotropy is a consequence of thermo-
dynamic equilibrium, a plasma in thermodynamic equilibrium has no resultant magnetic 
effect. The range of  /3 within the confinement thickness is from 10-2 to  10-1 (see Figs. 
5a, 5b, and 5c).
4. Estimation of the magnetization current effects 
   We use here the published Heos 2 data (see Figs. 3, 4a, and 4b) for the temperature 
(T), particle density gradient  (17  n)  , and magnetic field (B) around the lobe as functions of 
satellite position, to calculate the magnetization current. For the confinement 
thickness, CT (m) the electric current  I  n, per the unit length (m) of the magnetotail is 
given by 
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Fig. 5. The sum of the magnetic pressure Pm 
   and the plasma pressure  Pi is ploted as 
   functions of the distance from a lobe
   surface for each orbit. Here CT denotes a 
    confinement thickness.
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Assuming that the northern half of the magnetotail can be represented by a long solenoid, 
 I. is converted into a magnetic field  (B.); i.e.,  B.  (gamma)  =400  n-  .1-,,,,(ampere). A con-
tribution of magnetization current around the lobe is represented by the ratio of the 
magnetic field,  B„, to the total lobe magnetic field, BL. The computed results are
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6. Confinement and diamagnetism. Here TL, PM, and PS 
layer, the plasma mantle, and the plasma sheet respectively.
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shown as a Table 1. The results indicate that the contribution of the magnetization 
effect is in a range from 4% to 16%, at the tail region within 8 Re from the Earth; the 
average contribution of these three examples is  11.6%. 
5. Effect of the magnetization current for the distant tail 
   We consider the effect of the magnetization current in the distant geomagnetic tail 
further than 10 Re. Since the past satellite data are often insufficient to calculate 
systematically in a distant place, we use here schematic models supplementing the 
observation data partially. We consider two cross sections perpendicular to the tail 
axis at a geocentric distance of  X5.--10 Re and —20  Re. The geomagnetic field 
magnitude decreases with distance from the earth and also with radial distance from 
the tail lobe  surface. The magnetic field intensity in the tail lobe has been clarified an 
average form (Behannon, 1968). Using this result we have selected two values at the 
distance at 10 Re (CACE 1) and 20 Re (CACE 2) as has been given by the magnetic 
field at the origin of the diagram (see Figure 7). The values at the magnetopause 
boundary are selected from the observation data of Imp  1 and 2 (Behannon and 
Fairfield, 1969) for the steady interplanetary magnetic field intensity to be 4 gamma.
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7. Two cases of the magnetic field distribution perpendicular to the tail axis at a geocentric 
distance of 10 Re (CASE 1) and 20 Re (CASE 2).
The variation provided by a function of the magnetic field with distance from the lobe 
boundary to the magnetopause boundary is assumed to be same with the functional 
form of the magnetic field versus the distance in the transition layer obtained by Heos 
2 satellite. 
   In the lobe near at a geocentric distance  7=18 Re energetic particles were observed 
by Vela satellite (for example Akasofu et  al., 1973). The results indicate the electron 
density 0.01  cm-3 at the lobe boundary. Starting from this value we assume here 
that the plasma density distribution fits also to the same functional form as the case of 
the near Earth orbit observation by Heos 2 (Rosenbauer et  al., 1975) as has been given 
in Figure 8. Through the transition layer the plasma temperature increases gradually 
with radial distance from the lobe surface  x  106 °K) to saturated region  (,--,107 °K) 
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Fig. 8. A plasma density distribution perpen-
dicular to the tail axis at a geocentric 
distance of 10 Re and 20 Re.
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Fig. 9. The sum of magnetic pressure and 
   plasma pressure for reasonable distribu-
   tion quantities (magnetic field magntidue 
   for CASE  1, plasma density, and temper-
    ature). Here  Pi,  Pm, and CT stand for 
    plasma pressure, magnetic pressure, and 
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10. The sum of magnetic pressure and 
plasma pressure for resonable distribu-
tion quantities with CASE 2. The results 
are shown in the same format as in Fig. 
 9.
(Meng and Anderson, 1970, 1975; Bame  et al., 1978). We assumed here the variation of 
the temperature is not significant between  Xs„,=-10 Re and —20  Re and have used a 
constant value along the tail length. 
   Under these physical conditions, we have calculated the sum of the magnetic 
pressure and plasma pressure in the same way described in section 3. Our results have 
been shown in Figure 9 for the CASE 1 and 10 for the CASE  2  ; in these diagram CT 
stands for a confinement thickness where B2/2,u,----Pcconst. (see Sec. 3). The con-
finement condition within the transition layer is applicable from 1000 Km to 3500 Km 
for CASE 1 and also applicable from 1000 Km to 3000 Km for CASE 2 of the 
magnetic field distributions. For the calculation of the magnetization current, we 
assumed three layers inside the transition layer, those are separated as L1, from 1000 
Km to 2000 Km;  L2i from 2000 Km to 3000 Km; and  L3, from 3000 Km to 3500 Km. 
The total magnetization current  _I'm can be obtained as the sum of currents that flow 
through each  layer  ; i.e. 
 3 
 im  E  I) 
where  I3 is the partial current that flows through the layer  Li. Numerical results are 
given in Table 2 for both the CASES 1, and 2. Since the thickness of CT layer in the 
CASE 2 is thinner than the CASE 1, we set  /3=0; i.e. the two layer model is selected. 
Using the results given in Table 2 the rates of the magnetic field generation due to the
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Table 2, 
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Magnetization currents per the unit length (m) 
 L2 L3 total converted 
                                                               magnetic field
       CASE  1  1.  3  x  10-3  A  5.  3  10'  A  6.  3  ><10-3  A  1.  3  x10-2  A  16.4 y 
       CASE 2  2.  3  x  10-3  A 10.  2  x  10-3 A  1.  25  x10-2 A  15.8 y
magnetization current are estimated to be 65% for the CASE 1 considering the static 
tail field of 25  y, and estimated to be 87% for the CASE 2 considering the tail magnetic 
field intensity to be 18 y. 
    These calculated results support that under the static condition a large part of 
the surface current of the geomagnetic tail is caused by the magnetization current around 
the lobe, especially in the CASE 2. In other words, the lobe magnetic field lines at a 
geocentric distance of about 20 Re are maintained primarily by the magnetization 
current. By comparing the calculated results using the Heos 2 data near the Earth 
portion (4  Re  >Xs„,>-8Re) with those at the geocentric distance of 10 Re for CASE 1 
and 20 Re for CASE 2, it can be noticed that the effect of the magnetization current 
indicated by the ratio of the magnetic field due to the magnetization current to the 
total tail magnetic field increases with distance from the Earth. 
6. Discussion 
   The domain of the magnetization current is basically related to the region where 
the density gradient of the plasma is  remarkable; the region is simply called here the 
transition layer. In the magnetotail, the tail lobe field is encircled by this transition 
layer making the cylindrical form whose axis is aligned towards the lobe magnetic field. 
The calculation of the magnetization current in this transition layer located between 
the magnetosheath and the lobe is essentially same for the transition layer between the 
lobe and the plasma sheet. The introduced transition layer around the lobe is useful to 
understand systematically the magnetization (pressure gradient) current inside the 
plasma mantle and the plasma sheet. The plasma density gradient around the lobe 
is perpendicular to the lobe surface and directed outward. In the plasma sheet , the 
pressure gradient is directed toward the neutral sheet plane. The magnetization current 
around the tail lobe is, hence, directed to maintain the lobe mgnetic field. This 
feature coincides with the tendency of the magnetization current effect at the 
geocentric distance of 60 Re discussed by Bird and Beard (1972). In the plasma 
sheet the satellite observations indicate that the  13 value of the plasma takes high 
value close to unity. Moreover the pressure gradient in the plasma sheet is 
directed toward the neutral sheet plane, the magnetization current can then be con-
nected to the region surrounding the plasma sheet. Consequently, we can understand 
systematically that the magnetization (pressure graident) current becomes the main 
source of the magnetotail current around the lobe in the distance place from the 
Earth. In other words, the large part of the tail magnetic field at the long distant 
place is possibly maintained by the magnetization current encircling the magnetotail
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lobe connecting the transition layer near the magnetopause to the plasma sheet in the 
magnetospheric tail. 
7. Conclusion 
   The maintenance of the long magnetotail is thought to be realized by the 
surrounding local current in the magnetotail. In the present paper, the contribution of 
the magnetization current through the transition region where the pressure gradient 
sustains the confinement state of the plasma is investigated. 
   The region relatively close to the Earth is considered by dividing into two ranges; 
i.e., the first is the region closer than  Xsm= —10  Re and the second is the region from 
 Xs.=-10 Re to 20  Re. For the estimation of the magnetization current, the pub-
lished data of the Heos 2 are used for the range closer than  Xs„,=-10 Re. The used 
data indicated the existence of the transition layer between the tail lobe and the 
magnetopause where the summation of the kinetic pressure and the magnetic 
pressure indicates a constant value; i.e., the condition of the plasma confinement. 
This region is generally well known in the field of the plasma physics where the 
magnetization current makes significant contribution. 
   The estimated results indicate that around the tail lobe near the polar caps, a 
contribution of the magnetization current to the magnetotail current is to be only 
about 12%. That is understood as a consequence of the large lobe magnetic field with 
the relatively low plasma temperature. When we make calculations for the range 
from 10 Re to 20 Re along the geocentric radial distance, the contribution of the 
magnetization current around the lobe to the surface magnetotail current increases up 
to the rate range from 65% to 87%. That is, in the distant geomagnetic tail the 
magnetization current around the lobe is provided by the diamangetic particle in 
the hot plasma existing around the lobe while the magnetic component generated 
from the Earth is decreased. Therefore, there is a tendency that the contribution 
of the magnetization current to maintain the tail magnetic field is increasing with the 
geocentric distance from the Earth. 
   Acknowledgements: The author would like to express his cordial thanks to Prof. 
Hiroshi Oya of Tohoku University for his valuable instructions throughout the course 
of this study, and to Prof. Yoshimasa Hosokawa of Yamagata University for his 
useful suggestions. 
                               References 
 Akasofu,  S.-I. et al., 1973: Magnetotial and Boundary Layer Plasmas at a Geocentric 
         Distance of 18 Re, J. Geophys. Res., 78,  7257-7274. 
 Axford,  W.I., H.E. Petschek and G.L. Siscoe, 1965: Tail of the Magnetosphere, J. Geophys. 
          Res., 70, 1231-1236. 
 Behannon, K.W., 1970: Geometory of the geomagnetic tail, J. Geophys. Res., 75, 743-753. 
 Behannon, K.W., and D.H. Fairfield, 1969: Spatial variations of the  magnetosheath magnetic 
         field, Plant. Space Sci., 17,  1803-1816. 
 Bird, M.K. and D.B. Beard, 1972a:  Self-Consistent Description of the Magnetotial Current 
         System, J. Geophys. Res., 77, 4864-4866.
84 SENKICHI  SHIBUVA
Bird, M.K. and D.B. Beard, 1972b: The self-consistent geomagnetic tail under static condition, 
       Plant. Space Sci., 20, 2057-2072. 
Dessler,  A.J. and R.D. Juday, 1965: Configuration of Auroral Radiation in Space , Plant. 
        Space Sci., 13, 63-72. 
Meng, G.I. and K.A. Anderson, 1970: A Layer of Energetic Electrons (>40 KeV) near the 
       Magnetopause, J. Geophys. Res., 75, 1827-1836. 
Meng,  G.I. and K.A. Anderson, 1975: Characteristics of the Magnetopause Energetic Layer , 
       J. Geophys.  Res., 80, 4237-4243. 
Mizera, P.F. and J.F. Fennel, 1978: Satellite Observations of Polar , Magnetotial Lobe, and 
       Interplanetary Electrons at Low Energies, Rev. Geophys. Space  Phys., 16, 147-153. 
Paschmann, G. et al., 1978: ISEE Plasma observations near the subsolar magnetopause , Space 
 Sci, Rep., 22, 717-737. 
Rosenbauer, H. et  al., 1975: Heos-2 Plasma observations in the distant polar magnetosphere: 
       The Plasma Mantle, J. Geophys. Res., 80, 2723-2737. 
Siscoe, G.L., 1966: A unified treatment of magnetospheric dynamics with applciations to 
        magnetic stroms, Planet. Space Sci., 14, 947-967.
